Abstract: Ridge waveguides have been fabricated in Nd:YAG single crystal by using femtosecond laser micromachining in an oxygen ion irradiated planar waveguide. The microphotoluminescence features have been found well preserved in the waveguide structures. Continuous wave lasers have been realized at 1.06 µm at room temperature in the ridge waveguide system with a lasing threshold of ~39 mW and a slope efficiency of 35%, which show superior performance to the planar waveguide. "Ultraviolet nanosecond laser-assisted micro-modifications in lithium niobate monitored by Nd 3+ luminescence," Appl. Phys., A Mater. Sci. Process. 87(1), 87-90 (2007). 26. R. Ramponi, R. Osellame, and M. Marangoni, "Two straightforward methods for the measurement of optical losses in planar waveguides," Rev.
Introduction
Waveguide lasers based on active media are the minor light sources that play important roles in integrated photonics and modern telecommunication systems owing to their compact dimensions [1] . The mode volume is strongly compressed in the active waveguides, leading to high optical intensities of pump beams inside the structures and thus, in an optimized condition, the lasing threshold is lower than that of the bulks, and the slope efficiency could be optimized comparable to the bulk lasers [1] . Compared with one-dimensional (1D) (planar or slab waveguides), the two-dimensional (2D) (in channel or ridge configurations) waveguides can confine the light propagation in 2Ds, reaching higher optical density, and are possible to construct more compact devices [2] .
Neodymium doped yttrium aluminum garnet (Nd:Y 3 Al 5 O 12 or Nd:YAG) crystal is one of the most favorable gain media for solid state lasers owing to its excellent fluorescence, physical and thermal properties. Waveguide lasers have been realized in Nd:YAG crystals in the systems manufactured by ion beam implantation/irradiation [3] [4] [5] [6] [7] [8] [9] or femtosecond laser inscription [10] [11] [12] [13] . Recently, the irradiation of swift heavy ions (i.e., with energy higher than 1 MeV/amu) has emerged to be a powerful and available technique to fabricate optical waveguide owing to the reduced irradiation fluences and larger refractive index changes for waveguide formation [4, 14] . Compared to the normal light ion implantation, in which case the refractive index changes leading to the formation of waveguides are mainly given by the nuclear damage contribution [4, [14] [15] [16] [17] [18] , the refractive index modification mainly happens during most path of the incident ions' trajectory via the impact of amorphous or highly defective nanotracks from a single ion or the overlap of a few ions. In recent works, Ar and N ions was utilized to fabricated planar waveguides in Nd:YAG crystal for waveguide lasers by using swift heavy ion irradiation technique [7, 8] . Nevertheless, a ridge structure is necessary and advantageous for more compact lateral confinement of light fields. The femtosecond (fs) laser ablation technique has become increasingly attractive in recent years owing to the various practical applications in microstructuring of numerous materials [19] [20] [21] . In fact, the fs laser ablation has been successfully applied to fabricate ridge waveguide structures on the surface of LiNbO 3 , β-BaB 2 O 4 and TiO 2 planar waveguides [18, 22, 23] . In this work, we report on the construction of ridge waveguide in Nd:YAG crystals by combining swift oxygen ion irradiation and fs laser ablation, and the realization of continuous wave (cw) waveguide lasers at wavelength of 1.06 µm. 14 ions/cm 2 by using the 3MV tandem accelerator at Helmholtz-Zentrum Dresden-Rossendorf, Germany, to form a planar waveguide layer. The ion current density was kept at a low level (around 6-8 nA/cm 2 ) to avoid the heating and charging of the sample. And then, on top of the irradiated surface (i.e., the planar waveguide surface), we used a Ti:Sapphire laser system (Spitfire, Spectra Physics), which delivers nearly transform-limited pulses with a temporal duration of 120 fs and a central wavelength of 796 nm (spectral width: 9 nm) and with a repetition rate of 1 kHz, to micromachine the ridge structures. The laser beam was focused by a 20 × microscope objective (N.A. = 0.4), and the sample was located at a XYZ motorized stage with a spatial resolution of 0.2 µm. The focus of the convex was located on the irradiated surface of the sample and the pulse energy was set to 2.1 µJ (peak fluence ~50 J/cm 2 ). The sample was scanned at a translation velocity of 50 µm/s, as a compromise between having a moderate processing time and obtaining the crater depth enough to equal the depth of the planar waveguide layer. At this translation velocity, the mean number of incident pulses reaching each point of the sample is ~35, producing a crater depth of ~5 µm. Then, pairs of grooves were fabricated with lateral separation of 20 µm. With the lateral confinement of microstructured grooves and vertical restriction of ion irradiated planar waveguide, the ridge waveguide was produced in Nd:YAG crystal with a length of 10 mm. Figure 1 shows the microscope image of the cross section of the ridge waveguide. For comparison, about 1/3 of the surface layer is not microstructured, preserving the planar waveguide geometry.
Experiments in details
The confocal micro-photoluminescence (µ-PL) properties of the 17 MeV O 5+ ion irradiated planar waveguide were measured by an Olympus BX-41 fiber-coupled confocal microscope equipped with an argon laser. The laser radiation at 488 nm was focused onto the samples by using a 100 × objective with numerical aperture N.A. = 0.95, exciting the transition of Nd 3+ ions through 4 I 9/2 → 2 G 3/2 [24, 25] . Then, the subsequent 4 F 3/2 → 4 I 9/2 , 4 I 11/2 emission generated from Nd 3+ ions was collected by using the same microscope objective and, after passing through a confocal aperture, analyzed by a CCD camera attached to a high resolution fiber-coupled spectrometer. The sample was mounted on an XY motorized stage with a spatial resolution of 100 nm to scan the 488 nm excitation spot over the waveguide's cross section.
We measured the propagation losses of the planar and ridge waveguides by using the back-reflection method [26] . The propagation losses for the planar and ridge waveguide were ~2.5 and 3.8 dB/cm at 632.8 nm, respectively. The higher attenuation for ridge waveguide should be partly attributed to the non-perfect side-walls fabricated by the fs lasers. The roughness of the side walls was estimated to be ~1 µm by the SEM image. One can expect the reduction of the roughness of the side walls by either using ion beam milling [22] or multiscan (instead of single-scan) of fs laser ablation [27] , which will reduce the propagation losses further. The Fresnel reflection loss was ~0.8 dB at the interface between the waveguide and the air. The coupling loss of the ridge waveguide system was ~12 dB.
The waveguide laser operation experiment was performed by utilizing a typical end-face pumping system. A polarized light beam at 808 nm generated from a tunable cw Ti:Sapphire laser (Coherent MBR 110) was used as the pump source. A convex lens with focal length of 25 mm focused the pump laser beam into the planar waveguide. An input mirror (with the transmittance of 98% at 808 nm and the reflectivity >99% at ~1064 nm) and an output mirror (with the reflectivity >99% at 808 nm and transmittance of 60% at ~1064 nm) were adhered to the two end facets of the Nd:YAG waveguide, forming a Fabry-Perot lasing resonate cavity. The generated waveguide laser was collected by utilizing a 20 × microscope objective lens (N.A. = 0.4) and imaged by using an infrared CCD camera. We used a spectrometer with resolution of 0.2 nm to record the emission spectra of the waveguide lasers. We calculated the profiles of the nuclear (S n ) and electronic (S e ) stopping powers of incident 17 MeV O 5+ ions in Nd:YAG crystals by utilizing the SRIM 2010 code [28] , as shown in Fig.  2 . As one can see, nonvanishing values of S e are obtained within the first 0-7 µm, peaking at about 3 keV/nm at a depth of ~4µm, completely overwhelming those of S n , which are about zero within the range of 0-4 µm and climbs to the maximum value of approximately 0.3 keV/nm at around 6.7 µm beneath the surface of the sample. Similar to the early reported swift Ar or N ion irradiated Nd:YAG waveguides [7, 8] , it is reasonable to consider that the O ion irradiated waveguide is also mainly induced by electronic damage created lattice changes of the Nd:YAG matrix.
Results and discussion
The change of the refractive index (∆n) of the waveguide layer was estimated by measuring the maximum incident angle Θ m of the planar waveguide at which no change of the transmitted power is occurring, and the maximum refractive index increase was calculated to be ∆n ≈ + 0.004 by using the formula 
where Θ m is the maximum incident angular deflection at which no transmitted power change is occurring, while n = 1.8297 is the refractive index of the unmodified substrate [12] . By combination of this refractive index change with the S e profile, we have reconstructed the refractive index distribution of the planar waveguide (as shown in Fig. 2 ). Fig. 3(a) ). Figures 3(b) , 3(c) and 3(d) depict the 1D µ-PL profiles based on the spectral intensity, spectral shift and spectral broadening of this line, respectively. As we can see, the intensity has a reduction from the sample surface to the depth of ~7 µm. The minimum is around 60% of the amplitude of the bulk. The fluorescence intensity reduction is mainly attributed to lattice damage (lattice defects and imperfections etc.) induced by the electronic damage during the O 5+ ions irradiation process, and one can conclude that this result is in good agreement with the electronic stopping power profile as shown in Fig. 2 . However, in the waveguide core region (i.e., at the depth of 4µm), the PL intensity of 90% of the bulk has been preserved, which means that the waveguide region is still very active. The position shift profile denotes that the emission line has been shifted to larger energies along the whole ion trajectory with a peak at the depth of ~4 µm, where the S e is maximized. The maximum value of the blue shift is 0.25 cm −1 . In addition, the maximum for the spectral broadening is 1.25 cm −1 . The remarkable line broadening is due to the presence of lattice disorder along the ion trajectory. Figures 5(a) and 5(b) show the output laser powers (at wavelength of 1065 nm) as a function of the 808 nm absorbed powers generated in the Nd:YAG planar and ridge waveguide at room temperature. From the linear fit of the experimental data, we have determined that the lasing thresholds for the 1065 nm oscillations are P th,p = 80.7 mW and P th,r = 39.6 mW for the planar and ridge waveguides, respectively. And the slope efficiencies are Φ p = 28.2% and Φ r = 35%, respectively. As the absorbed pump power increases, the output laser power of these two waveguides climbed to maxima at P max,p = 13 mW and P max,r = 21 mW at absorbed pump powers of 128 mW and 100 mW, respectively. Compared with the Nd:YAG planar waveguide, the ridge waveguide system possesses a superior performance with reduced lasing threshold, higher slope efficiency and higher output laser power. These results indicate that the Nd:YAG ridge waveguide produced by fs-laser micromachining of planar waveguide layer could be a promising candidate for compact light sources.
Summary
We have reported on the optical ridge waveguide in Nd:YAG laser crystals fabricated by using 17 MeV O 5+ ion irradiation and fs laser ablation technique. The waveguide was formed in the electronic damage region, which confined laterally by two fs laser grooves. The µ-PL properties have been well preserved in the waveguides, suggesting lattice disorder happened within the ion trajectory. The stable cw waveguide laser at 1065 nm was realized with the lasing threshold of 39.6 mW and the slope efficiency of 35%. By comparison, the Nd:YAG ridge waveguide shows a superior laser performance to the planar one. This work also suggests that the technique with combination of ion irradiation and fs laser ablation may be an efficient method to fabricate ridge waveguides in a large range of optical materials.
